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Abstract. Some recent developments in chiral dynamics of hadrons and hadrons in a medium are pre- 
sented. Unitary schemes based on chiral Lagrangians describe some hadronic states as being dynamically 
generated resonances. We discuss how standard quantum many body techniques can be used to calcu- 
late the properties of these dynamically generated and other hadrons in the nuclear medium. We present 
some results for vector mesons (p and 0), scalar mesons (a, k, ao(980), /o(980)), the yl(1520) and for the 
in-medium baryon-baryon interaction. 
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1 Introduction 

Coupled channels unitary models based on the chiral La- 
grangians have provided a framework that allows to ex- 
tend the calculations to higher energies than standard 
xPT and have been very successful in the description 
of hadronic phenomenology. These models reproduce well 
meson-meson phase shifts up to energies above 1 GeV fjQ 
and are able to generate a number of well established bary- 
onic resonances like AT* (153 5), 71(1405), 4(1670), 1/(1620), 
S'(1690) and others [2 3,4 5 6 . These resonances appear 
dynamically as poles of the meson baryon scattering am- 
plitudes. The analysis of the residues of the poles in the 
different scattering channels gives the couplings and branch- 
ing ratios of the resonances. 

An important problem in nuclear physics is the un- 
derstanding of the properties of hadrons at finite bary- 
onic densities. Many different theoretical approaches to 
this problem can be found in the literature. A quite in- 
teresting question is if the very special nature of the dy- 
namically generated resonances obtained in chiral unitary 
models will have consequences for their in medium prop- 
erties. It looks clear that this description of these particles 
has some implications. For instance, the 4(1405) appears 
in these models as a resonant state in KN and/or ttS scat- 
tering. The changes in the properties of the constituents 
K, N, it, S will also change the results for their scattering 
amplitude and thus for its resonant states like the 4(1405). 

The basic idea of the approach we present here is to 
start from these models which describe adequately the 
properties of several hadronic resonances in vacuum and 
their couplings to pseudoscalar mesons. Then, we incor- 
porate nuclear medium effects by including vertex cor- 
rections and a suitable modification of the pseudoscalar 
meson and the baryon propagators, which can be done in 
terms of density dependent selfenergies. The selfenergies 



are studied by means of a many body calculation account- 
ing for their interactions with the nuclear medium. With 
this formulation we automatically consider the presence 
of additional decay channels which are not present in vac- 
uum, since they require an interaction with one or more 
nucleons in the medium. 

We will start discussing the tt and K selfenergies. They 
experience a sizable renormalization at finite densities as 
a consequence of their interactions with the nucleons as 
it has been found in many theoretical calculations and 
experimental results. Then, using these selfenergies as in- 
gredients, we study some medium effects on vector mesons 
(p and (/)), dynamically generated scalar mesons (er, K, 
a (980) and / (980)) and for the 4(1520) resonance. Fi- 
nally, we will discuss briefly some recent results on the 
NN interaction in nuclear matter. 



2 Pion and Kaons selfenergies in nuclear 
matter 

The pion selfenergy in the nuclear medium at intermediate 
energies is relatively well known. It is mainly driven by its 
p-wave coupling to p — h and A — h excitations as depicted 
in Fig. ^ Higher order terms obtained by the iteration 
of these excitations, considering also short range correla- 
tions, and the small contribution of s-wave scattering are 
also included in the calculations. Analytical expressions, 
as well as results can be found in Refs. J.. In Fig. [3 we 
show the results for the pion propagator. Three wide peaks 
appear in its imaginary part corresponding to p — h exci- 
tation, the pion peak that occurs at lower energies than 
in vacuum and A — h excitation respectively. This model 
has been widely tested and agrees well with pion-nucleus 
phenomenology from low to intermediate energies. 



2 



M. J. Vicente Vacas: Hadron spectrum and hadrons in the nuclear medium 




N,A h 




,0\ 

'WW / v ww vw\<^)ywv^ 



71 

Fig. 1. Diagrams contributing to it selfenergy in the nuclear 
medium. 



Fig. 3. Diagrams contributing to p selfenergy in the nuclear 
medium. 




q° (GeV) 

Fig. 2. Real and imaginary part of the n propagator at p — po 
as a function of the energy for a pion with momentum q = 
500 MeV. The arrow indicates the position of the pion pole in 
vacuum. 



The kaon selfenergy is smooth at low energies and a 
simple tp approximation can be used 8 . The situation 
is more controversial for the antikaons with recent experi- 
mental data that might be interpreted as very deep kaonic 
atoms suggesting very strong potentials, incompati- 

ble with the calculations based on chiral models, although 
alternative interpretations of these results have been pre- 
sented See also Ref. ^21 and references therein. 

The model used in what follows is based on the chi- 
ral unitary model in coupled channels for the s-wave KN 
scattering of Ref. ^21- This model is quite successful in 
the description of many observables, like threshold ratios 
of K ~p to inelastic channels and K~p cross sections in the 
elastic and inelastic channels. A selfconsistent calculation 
of the selfenergy in the nuclear medium was later carried 
out in Refs. |14U15j and includes the p-wave excitation of 
Ah, "Eh and 27(1385)/i. The results of these works show 







Fig. 4. Other diagrams contributing to p selfenergy in the 
nuclear medium. 



an antikaon spectral function quite wide at normal nuclear 
densities and with the peak displaced toward low energies. 
The optical potential from Ref. ^1] also compares well 
with kaonic atoms data |16j although other phenomeno- 
logical potentials with a much deeper attraction also show 
a good agreement |T7) . 



3 Vector mesons (p and (p) 

In medium properties of the p meson have been extensively 

tions of scaling laws implying strong droppings of the p 
meson mass even at normal nuclear density. On the other 
hand, this mass reduction could be observed through the 
vector meson leptonic decays, free from strong final state 
distortions. Here, we will briefly present our approach to 
this topic. 

The p meson decays in vacuum into two pions. The 
large modification of the pion properties in nuclei dis- 
cussed in the previous section implies changes of the p 
properties, i.e., in the medium new decay channels are 
open because of the coupling of pions to baryon-hole exci- 
tations, see Fig. |3 Other new decay channels appear be- 
cause of the direct coupling of the p to the nucleon, some- 
times producing some baryon-hole excitation, as shown in 
Fig. 0] In particular, the excitation of the TV* (1520) is 
very relevant. The contribution of these and other pieces 
is done using standard many body techniques. Details can 
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Fig. 5. p spectral function in vacuum: solid line, for p — po/2: 
dashed line and for p — po: dotted line. 
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Fig. 7. Ratio of Nucleus to A times nucleon cross sections, 
a a I (A a, for </> production as a function of A (p^ = 2GeV) 
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Fig. 6. Diagrams contributing to (j> selfenergy. 



Fig. 8. Diagrams contributing to meson meson scattering in 
the nuclear medium. 



confirmed the importance of medium effects suggesting a 
(j) width even larger than expected that might indicate a 
very large <pN cross section The small reduction of 
the mass has also been confirmed recently jHH] although 
a detailed comparison of the theoretical models with data 
is still to be done. 

The theoretical study of the ui meson in the medium 
is technically more complex due to its strong coupling to 
three-body channels although its narrow width makes it 
very well suited for experimental observation. Recently, 
the CBELSA/TAPS Collaboration has published some in- 
teresting results showing medium effects on the ui meson 
[37]. A possible explanation of the data is the reduction 
of the ui mass. Other possibilities related to final state 
interactions of the detected it are currently been studied. 



be found in Refs. (271128) . The obtained spectral function 
is depicted in Fig. |S] Although some strength appears at 
low masses, due to the coupling to N*(1520), and there 
is some widening, the p peak moves very little toward 
a mass higher than in vacuum. This is in contrast with 
popular dropping mass scenarios. Several microscopic cal- 
culations have obtained very similar results P^ll^H] which 
seem to have been confirmed by recent experimental data 
|.-tl| when compared with various theoretical approaches 

m 

The <j) meson in medium properties have been studied 
along similar lines in Refs. [EES]. The <fi decays primar- 
ily in K K and in the medium the kaons have an spectral 
function quite different from vacuum, as discussed previ- 
ously. The consideration of these effects, depicted in the 
diagrams shown in Fig. \G\ leads to a width one order of 
magnitude larger than in vacuum and also to some small 
mass reduction. In PI], the loss of flux in photoproduc- 
tion reactions was proposed as a possible experimental 
test of the model, see Fig. [7J Later experiments have 



4 Scalar mesons (a, a , /o and k) 

One of the major successes of chiral unitary models is the 
description of meson-meson scattering amplitudes up to 
energies above 1 GeV. Some resonances appear that can be 
identified with the clq and /o mesons. Much further from 
the real axis appear the poles corresponding to the a and 
k mesons. The medium modifications of these resonant 
states can be obtained calculating meson meson scattering 
but now including the proper in medium selfenergies of 
the mesons as depicted in Fig. |SJ apart from some vertex 
corrections that produce only minor effects. 

The properties of the a meson in medium are of par- 
ticular interest because of theoretical predictions claiming 
that at normal nuclear densities it could become much 
lighter and narrower, due to chiral symmetry restoration, 
and also because of some experimental results |39II40) show- 
ing an enhancement of two pion production in the isoscalar 
channel at very low invariant masses that might be due to 
the in medium a meson. Indeed, in chiral unitary models 
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Fig. 10. Cross section for 2 -k° photoproduction in nuclei as a 
function of the energy with and without final state interaction 
between the two pions in the 1=0 channel. Experimental points 
from Ref. |H]. 



the a spectral function has a large enhancement at low 
masses see Fig. where the imaginary part of the 
7T7T scattering amplitude is shown. This enhancement is 
related in these models to the position of the a pole that 
at p — po appears at low mass and closer to the real axis 
|42| . The calculation of two pion photoproduction making 
use of these techniques for the nuclear effects and starting 
from a good microscopical model for the reaction in vac- 
uum, has found good agreement with experiment |43 | for 
both total and differential cross sections. 

However, the presence of additional medium effects 
makes difficult the isolation of possible a effects |45II46| . 
which are small due to the low effective density of these 
processes. Nonetheless, these results together with those 
studying pion induced two pion production |47II48| sup- 
port the possibility of testing the calculations when ex- 
periments with better statistics and for heavier nuclei are 
carried out. 



Also interesting is the case of the k and R that because 
of the different interaction of kaons and antikaons with the 
medium get a different mass^^l- The large attraction that 
the nucleus exerts over the pions makes these resonances 
lighter and also narrower. However, they do not become 
as narrow as to be clearly visible experimentally. Nonethe- 
less, these results are very sensitive to the strength of the 
antikaon potential so controversial nowadays. If very deep 
antikaon potentials were confirmed that would automati- 
cally imply the existence of a low mass narrow R in nuclei. 
In addition to the k pole positions, also the Kit and Kit 
s-wave scattering amplitudes at finite densities were stud- 
ied. Strong modifications were found for both channels 
that also became different although they are equal in vac- 
uum. The most noticeable effect is a peak found at low 
invariant masses of the Kir system that could be observed 
experimentally in reactions where a s-wave low energy Kit 
pair is produced. 

Other dynamically generated mesons like the do and 
fo have also been studied theoretically using the same 
method in Ref. |SU]. These two resonances are relatively 
narrow and couple strongly to the KK channel. A large 
growth of their widths was obtained but without relevant 
changes in their masses. As an example, we show in Fig. 
^Jthe nrj scattering amplitude. Whereas in vacuum there 
is a peak, related to the ao(980) pole, in medium, even at 
low densities the peak practically disappears. 



5 Baryons 

We will discuss first the case of the vl(1520) which is gen- 
erated from the s-wave interaction of the decuplet of 3/2 + 
baryons with the octet of pseudoscalar mesons pH1l52) . For 
a better description, the inclusion of the KN and ttS 
d-wave channels was also required to get a good agree- 
ment on the position of the peak and the width of the 
resonance 53,54^, see Fig. El 
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Fig. 12. \T RN _^ E , I 2 in units of MeV" 2 showing the A(1520) 
peak. 

Its relatively small width makes this resonance suitable 
for the experimental verification of the predicted medium 
effects. 

In vacuum, .4(1520) couples strongly to the 7rZ'*(1385) 
channel, even when the decay is largely suppressed be- 
cause of the small phase space. However, in the nuclear 
medium, this decay channel is much enhanced due to both 
the pion and i7*(1385) selfenergies, leading to a predicted 
width ~ 5 times larger than in vacuum at normal nuclear 
matter densities [51] • This large effect could be observable 
experimentally, studying the A-dependence of 4(1520) pro- 
duction reactions |56|. 

As mentioned above, the antikaon in medium selfen- 
ergy was calculated in a self-consistent way in Ref. [TK] . 
This also implies the study of medium effects of several 
hyperons relevant for the calculation. Their results show 
a downwards shift for the 4 and £ masses of -30 MeV 
at normal nuclear density and a large enhancement of the 
S* width. The dynamically generated 4(1405) is strongly 
diluted at p = pa and remains only as a small bump close 
to its vacuum position. 



6 In medium baryon baryon interaction 

The scalar isoscalar channel is a very relevant part of the 
nucleon nucleon interaction, basically mediated by the ex- 
change of two correlated ("cr") or uncorrelated pions. The 
o part of the channel is strongly modified in the nuclear 
medium, as shown in a previous section, and this could 
lead to some effects on the NN interaction in the medium. 
This topic was analyzed in Ref. [Uj. The corrections for 
the NN interaction in the medium were found to be siz- 
able, see Fig. We also found that short range correla- 
tions are fundamental to produce only moderate changes. 
Further studies are still required to analyze the stability 
and properties of nuclear matter with potentials incorpo- 
rating these results. 

The central part of the 47V and 44 potential has 
also been studied including the correlated, which in this 
case involves both a and k, and uncorrelated two-meson 
exchange [j^). We find a short range repulsion generated by 
the correlated two-meson potential which also produces an 
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q [GeV] 

Fig. 13. Modification of the iViV interaction at normal nu- 
clear matter density in momentum space. Solid line: central 
part of OPEP, dashed line: tensor part of OPEP, dot-dashed: 
correlated cr-meson exchange and dot-dot-dashed curve: uncor- 
related 7T7T exchange. 

attraction in the intermediate distances region. This inter- 
esting feature cannot be reproduced by the exchange of a 
a meson. The uncorrelated two-meson exchange produces 
a sizable attraction in all cases. 



7 Conclusions 

In this work we have presented some recent results on the 
study of hadron properties. The use of xPT to incorpo- 
rate low energy constraints on the scattering amplitudes 
and of coupled channels unitary models which generate 
dynamically meson and baryon resonances provides a suit- 
able framework to study nuclear medium effects on those 
generated resonances. These medium effects are consid- 
ered using standard techniques of many body Quantum 
Field Theory. In this approach, we have shown results for 
several scalar mesons: cr, k, ao(980) and / (980) and for 
some baryonic resonances like 4(1520) and 4(1405) and 
also for the controversial antikaon optical potential. Some 
of the results presented here already have good experi- 
mental support and others will soon be tested. 

We have also discussed the scalar isoscalar part of the 
nucleon nucleon interaction and how this piece, partly me- 
diated by the cr, is strongly modified in a nuclear medium. 
It must be considered that in our approach the a is only 
a resonant two pions state and the interaction resulting 
from the exchange of this resonance cannot be fitted by a 
single meson exchange. 

Finally, the pion and kaon in medium selfenergies have 
important consequences for the decay of vector mesons 
that have also been analysed with our methods provid- 
ing an alternative picture to other calculations. We find 
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quite small mass changes, consistent with many experi- 
mental data, but large width enhancements and even com- 
plicated spectral functions with several bumps produced 
by the strong coupling of the vector mesons to some par- 
ticular excitation mode. This shows the need of detailed 
microscopic calculations that properly take into account 
the relevant degrees of freedom in the nuclear medium. 
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